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A B S T R A C T
We report on in situ performance evaluations as a function of layer thickness and substrate temperature
for bottom-gate, bottom-gold contact epindolidione organic thin-ﬁlm transistors on various gate
dielectrics. Experiments were carried out under ultra-high vacuum conditions, enabling quasi-
simultaneous electrical and surface analysis. Auger electron spectroscopy and thermal desorption
spectroscopy (TDS) were applied to characterize the quality of the substrate surface and the thermal
stability of the organic ﬁlms. Ex situ atomic force microscopy (AFM) was used to gain additional
information on the layer formation and surface morphology of the hydrogen-bonded organic pigment.
The examined gate dielectrics included SiO2, in its untreated and sputtered forms, as well as the spin-
coated organic capping layers poly(vinyl-cinnamate) (PVCi) and poly(()endo,exo-bicyclo[2.2.1]hept-5-
ene-2,3-dicarboxylic acid, diphenylester) (PNDPE, from the class of polynorbornenes). TDS and AFM
revealed Volmer-Weber island growth dominated ﬁlm formation with no evidence of a subjacent wetting
layer. This growth mode is responsible for the comparably high coverage required for transistor behavior
at 90–95% of a monolayer composed of standing molecules. Surface sputtering and an increased sample
temperature during epindolidione deposition augmented the surface diffusion of adsorbing molecules
and therefore led to a lower number of better-ordered islands. Consequently, while the onset of charge
transport was delayed, higher saturation mobility was obtained. The highest, bottom-contact
conﬁguration, mobilities of approximately 2.5 103 cm2/Vs were found for high coverages (50 nm)
on sputtered samples. The coverage dependence of the mobility showed very different characteristics for
the different gate dielectrics, while the change of the threshold voltage with coverage was approximately
the same for all systems. An apparent decrease of the mobility with increasing coverage on the less polar
PNDPE was attributed to a change in molecular orientation from upright standing in the thin-ﬁlm phase
to tilted in the bulk phase. From temperature-dependent mobility measurements we calculated
activation barriers for the charge transport between 110 meV and 160 meV, depending on the dielectric
conﬁguration.
ã 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The successful integration of organic materials into established
inorganic semiconductor systems and technologies has proven to
be one of the largest driving forces in research and development for
the last decade [1]. The ﬁeld of organic electronics remains highly
relevant for the future of our electronic world, as it offers the
possibility to utilize highly advantageous organic material* Corresponding author.
E-mail address: roman.lassnig@tugraz.at (R. Lassnig).
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0379-6779/ã 2016 The Authors. Published by Elsevier B.V. This is an open access article unproperties for present-day and prospective applications. Charac-
teristics, such as biodegradability and biocompatibility [2,3], low
material cost and weight, room temperature deposition, and
patterning for ﬂexible substrates, as well as economical large area
fabrication techniques, can all be found in these materials [4,5].
The known disadvantages when it comes to attainable perfor-
mance, air and water stability, and utilization on an industrial
scale, still have to be addressed and solved. As one of the most basic
building blocks of organic electronic devices, switches in the form
of organic thin-ﬁlm transistors (OTFT) [6,7] are one of the pillars
for technological success. Closely tied to the transistorder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ties of the organic semiconducting layers have to be identiﬁed and
controlled to suit the respective applications [8,9].
Following the pioneering success by Głowacki et al. [3,10–12],
the organic pigment epindolidione (C16H10N2O2) (see inset in
Fig. 1), a hydrogen-bonded analogue of the well-studied tetracene,
has emerged as one of the most interesting candidates for the
active layer in OTFTs [13,14]. As a structural isomer, the yellow to
orange colored epindolidione is closely related to the industrially
mass produced indigo, a blue organic dye with which it shares
many advantageous properties. Epindolidione based OTFTs have
shown excellent application potential, featuring very promising
charge carrier mobility values of up to 1.5 cm2/Vs for p-type
conduction [10], electrode material and derivatization induced n-
type behavior, high air, water and temperature stability, excellent
biocompatibility, and stable operation in ionic solutions in a pH
range of 3–10 [12].
We applied a specialized experimental setup [15,16] which
enabled us to manufacture and then characterize both electrical
and surface properties of epindolidione OTFTs in situ under ultra-
high vacuum conditions. While inferior in terms of charge carrier
injection and therefore maximum attainable mobility [7,17], the
employed bottom-gate geometry allowed us to gain more insight
into the correlation between semiconducting and growth proper-
ties. An investigation of the layer growth and transistor behavior of
epindolidione as a function of the employed gate dielectric
material, its surface treatment, i.e. sputtering, and of the sample
temperature over a wide temperature range was performed. The in
situ experiments were complimented by ex situ AFM measure-
ments.
2. Experimental
2.1. Film preparation and surface characterization
The conducted experimental work is based on the characteri-
zation of 1 cm  1 cm model OTFT devices in situ under a base
pressure of approximately 2  108mbar. In order to create these
samples, highly p-doped silicon wafer pieces with a 150 nm thick
dry-oxide layer were plasma etched for cleaning, before 60 nm
thick gold contacts were deposited through a shadow mask. This
yielded SiO2 bottom-gate, gold bottom-contact transistor samples
with a 4 mm wide (W) and 25 mm long (L) channel structure, which
were then contacted ex situ and installed into the sample holder.
The physical vapor deposition (PVD) of epindolidione from aFig. 1. Cracking pattern of epindolidione in our quadrupole mass spectrometer. In
the inset, the molecular structure of epindolidione is shown.Knudsen cell was performed through a 4.5 mm  2.5 mm alumini-
um foil shadow mask in order to limit the deposition to the active
channel area. The sublimation puriﬁed epindolidione material was
synthesised following the procedure by Jaffe and Matrick [18] and
considerations by Kemp et al. [19]. The high thermal stability and
poor solubility of H-bonded organic semiconductors, attributed to
the strong intermolecular interactions based on H-bonds and p–p
stacking, limit the application of solution processed deposition and
makes vacuum deposition the most applicable method [20–22].
One of the most important features of the experimental setup is
the aforementioned capability to accurately control the sample
temperature during semiconductor deposition and electrical
evaluation. This can be done in-between a lower limit, set by
the LN2 cooling at about 120 K, and an upper limit of over 800 K, far
exceeding the semiconductor desorption temperature. The wide
temperature range attainable permits thermal desorption spec-
troscopy (TDS) and a subsequent re-deposition of new epindoli-
dione layers for reproducibility evaluations. Argon ion sputtering
has been used for sample surface cleaning and Auger electron
spectroscopy (AES) allows analysis of the sample surface in-
between cleaning and semiconductor deposition steps. A more in-
depth description of the experimental setup, deposition system
and sample mounting can be found in our previous work [15].
The parameters for the quartz microbalance controlled
Knudsen cell deposition could not be found in literature and were
approximated. A density of r  1.5 g/cm3 and long molecular axis
length of 1.26 nm for epindolidione were assumed. These
estimations could subsequently be veriﬁed by X-ray diffraction
(XRD) and ex situ atomic force microscopy (AFM) investigations. On
the quartz microbalance, which is covered by thick layers of
epindolidione, a sticking probability of one can be assumed for
impinging epindolidione molecules, resulting in a correlation of
quartz resonance frequency change and nominal epindolidione
layer thickness d of 1 Hz  0.083 nm. To attain sufﬁcient precision
for the deposition of thin layers a comparably low deposition rate
of approximately 0.1 ML/min was employed throughout all
experiments.
2.2. Dielectrics and electrical characterization
For organic electronic systems the choice of the gate dielectric is
crucial for the attainable OTFT performance [11]. In particular, at
the highly critical dielectric  semiconductor interface, the
dielectric material fundamentally inﬂuences the electrical proper-
ties as well as the layer growth and molecular orientation, and
thereby the intermolecular p–p stacking necessary for charge
transport between molecules [23–26]. Głowacki et al. employed
tetratetracontane (TTC)-capped AlOx layers as the gate dielectric
and reported the non-polarity and/or aliphatic nature of the
dielectric to be vital in achieving optimal device performance [10–
12]. In order to translate our expertise on coverage dependent in
situ evaluations for pentacene [15,16] to H-bonded semiconductor
systems and to gain more information on epindolidione perfor-
mance on polar dielectrics we used SiO2 in its untreated and
sputtered form, which had previously been investigated for the
related quinacridone molecules [27,28].
Additionally, we modiﬁed the SiO2 surface with spin coated,
more hydrophobic capping layers in the form of the, compared to
SiO2 less polar, organic dielectrics poly(vinyl-cinnamate) (PVCi)
and poly(()endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic
acid, diphenylester) (PNDPE, from the class of poly norbornenes)
[29–31]. Subsequently, the gold source and drain contacts were
deposited. The spin coated layer thicknesses were approximately
35 nm for PVCi and 15 nm for PNDPE, with relative permittivities er
of roughly 4.2 and 2.5, respectively, as obtained from capacitor
structure measurements.
Fig. 2. Thermal desorption spectra from the SiO2 surface for different epindolidione
ﬁlm thicknesses deposited at 300 K substrate temperature. Heating rate b = 1 K/s. In
the inset, the correlation between TDS area and epindolidione exposure is shown.
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double source-measure unit and custom LabVIEW1 processing
software. Using the formalism developed for silicon based FETs, the
crucial device parameters saturation mobility (mSat) and threshold
voltage (UTh) were extracted out of measured transfer character-
istics (drain-source current (IDS) vs. gate-source voltage (UGS)) [32].
The gate dielectric capacitance, CG, amounted to 23 nF/cm2 for
SiO2, and 18.7 nF/cm2 and 19.8 nF/cm2 for the PVCi and PNDPE-
capped stacks, respectively. With this setup we were able to
realize, characterize and reproduce coverage-dependent mobi-
lities and threshold voltages for bottom-gate, gold bottom-contact,
p-type conduction epindolidione OTFTs. The investigated dielec-
trics included untreated SiO2 at substrate temperatures of 200,
300 and 350 K during deposition, as well as sputtered SiO2 and the
organic capping layers PVCi and PNDPE at substrate temperatures
of 300 K.
3. Results and discussion
3.1. Thermal desorption spectroscopy
In the planar transistor geometry implemented in most OTFTs,
the layer formation and growth kinetics of the active organic layer,
in our case epindolidione, are highly critical for the ensuing
transistor performance. Only a comparably low number of closed
monolayers above the gate dielectric are known to actively
contribute to the majority of the charge transport, signifying the
Debye length for the material system [33]. This aspect has been
thoroughly investigated for the model organic semiconductor
pentacene [16,34–38], but has to our knowledge not been
investigated for H-bonded organic semiconductors. Thermal
desorption spectroscopy (TDS) enables the analysis of adsorption
and desorption kinetics and the calculation of binding energies
from the crucial low coverage regime up to the bulk phase.
Therefore, insight into the thermal stability of the charge trans-
porting layer can be gained.
In order to perform TDS, the cracking pattern of epindolidione
from our speciﬁc quadrupole mass spectrometer (QMS) had to be
known. This has previously not been investigated and therefore no
literature data on epindolidione cracking could be obtained. Fig. 1
shows the main cracking masses observed for epindolidione
stemming directly from the Knudsen cell effusion ﬂux. For
evaluation and display purposes, the prominent cracking mass
m of 103 amu was selected, as it featured the best signal to noise
ratio from our setup.
Fig. 2 shows a series of TDS measurements for epindolidione on
an untreated SiO2 surface. Similar results were obtained for
desorption from sputtered and carbon-covered SiO2, as well as
from gold and PNDPE surfaces. The displayed temperature has
been corrected to account for the lag between the temperature
measurement on the sample holder backside and the sample
surface, as described in detail in the supplementary information in
[15]. This yielded information on the temperature limits for stable
epindolidione adsorption and transistor operation, and was
applied in the subsequent growth and electrical characterization
experiments.
The desorption spectra demonstrate clear zero-order desorp-
tion behavior, characteristic for multilayer desorption [39]. No
second desorption peak in the low coverage regime could be found,
which would be indicative for the formation of an subjacent, more
strongly bound wetting layer of ﬂat-lying molecules. Pure
multilayer desorption from islands could therefore be assumed
for all epindolidione coverages. The inset in Fig. 2 depicts the
correlation between the exposure, as monitored by the quartz
microbalance (impinging amount), and the area under the
desorption spectra registered by the QMS (adsorbed amount).The linear relationship indicates that the sticking coefﬁcient is
constant for the full range of coverage investigated, it is therefore
reasonable to assume that the sticking coefﬁcient is unity for these
coverages.
With the desorption rate, R, and the molecular surface density
of one full layer of standing epindolidione, Ns = 4.34 1012mole-
cules/cm2, the desorption energy, Ed, and the frequency factor, n,
for epindolidione desorption could be extracted from the TDS data
according to the Polanyi-Wigner equation R ¼ nNsexp Ed=kTð Þ
[40]. The calculated desorption energy amounted to Ed = 1.83
 0.05 eV and the frequency factor to n = 1 10211 s1. The
desorption energy and the peak desorption temperature of
435 K, for an 8 nm thick layer, correlate well with results obtained
for comparable molecules with the same layer thickness. For
example, pentacene [41] and quinacridone [42] showed peak
desorption temperatures of 400 K and 510 K, and desorption
energies of 1.65 eV and 2.1 eV, respectively. The obtained high
frequency factor aligns with similar results for other large organic
molecules [39,43,44]. This feature is related to the vast difference
in the number of vibrational and rotational degrees of freedom
between the free and adsorbed state for large organic molecules,
especially compared to the desorption of single atoms or small
molecules, where the frequency factor amounts to values of about
1013 s1 [45,46].
In contrast to the results obtained for pentacene, which is
known for its tendency to form a full ‘wetting layer’ of standing
molecules on SiO2 with a subsequent formation of terraced
mounds (quasi Stranski–Krastanov growth) [47–49], epindolidione
displays pure island-growth (Volmer-Weber growth) with no
explicit tendency to close the ﬁrst ML before second layer
formation begins. In Fig. 3, a low coverage AFM analysis of the
transition from 0 to 2.5 ML of epindolidione coverage is shown for
an untreated (a) and a carbon-covered (b) SiO2 surface, which
depicts the aforementioned Volmer-Weber growth mode. The
carbon-covered surface was obtained by repeated epindolidione
adsorption and desorption cycles. The gradient in coverage stems
from the surface shadow masking by the sample mounting
washers during the epindolidione deposition (see [15] for more
details on the sample mounting). Even at very low coverage,
islands higher than one standing epindolidione molecule are
formed on both surface types.
Fig. 3. AFM images of the shadowing induced transition from 0 to 2.5 monolayers of epindolidione coverage, deposited onto (a) untreated and (b) carbon-covered SiO2. The
corresponding cross sections are indicated in the AFM images by a line and shown underneath.
Fig. 4. Transfer characteristics of (a, b, d) 62 nm and (c) 100 nm thick epindolidione ﬁlms on (a) untreated SiO2, (b) sputtered SiO2, (c) PVCi, and (d) PNDPE dielectrics in
bottom-gate bottom-contact conﬁgurations, deposited and measured at 300 K sample temperature. Channel width and length are 4 mm and 25 mm, respectively.
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Fig. 5. Saturation mobility, mSat, as a function of coverage in the (a) low and (b) high coverage regime for epindolidione ﬁlms in bottom-gate bottom-contact conﬁgurations on
different dielectrics. All ﬁlms were measured and prepared at 300 K, if not stated otherwise.
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In situ electrical measurements were done on bottom-gate, gold
bottom-contact epindolidione transistors for a range of substrate
temperatures and gate dielectrics. A set of representative transfer
curves for thick epindolidione layers on the four investigated
dielectrics (untreated and sputtered SiO2, PVCi, and PNDPE) is
shown in Fig. 4. These representative curves highlight many of the
fundamental differences the choice of gate dielectric entails. All
transfer curves showed signiﬁcantly higher negative threshold and
onset voltages than observed for pentacene in our previous work
[15,16], which we attribute to the increased sensitivity of the H-
bonded semiconductor to the polar dielectrics. All of the
investigated surface preparations and dielectrics exhibit signiﬁ-
cantly different charge transport properties. While the untreated
SiO2 samples displayed the lowest hysteresis (Fig. 4(a)) and a
threshold voltage dependence of the charge carrier mobility,
visible in the IDS1/2 plot, the less polar surface attributed to the
organic capping layers yielded the desired quadratic current to
voltage ratio, apparent in the linearity of the IDS1/2 plots in Fig. 4(c)
and (d). A sputter induced shift of the threshold voltage to more
negative values and an increase in hysteresis, as well as the highest
charge carrier mobility, was observed on sputtered SiO2 (Fig. 4(b))
and can be related to sputter beam implanted Ar+-ions in the
dielectric [16,50]. Nonetheless, sputtering offered the most
reproducible surface conditions.
3.2.1. Coverage-dependent charge carrier mobility
The key experiment of this contribution was the analysis of the
evolution of extracted transistor parameters, namely the satura-
tion mobility, mSat, and threshold voltage, UTh, as a function of
increasing epindolidione layer thickness. Fig. 5 shows the
extracted charge carrier mobilities as a function of epindolidione
coverage for different dielectrics and surface conﬁgurations in the
low (0–10 nm, Fig. 5(a)) and high (0–62 nm, Fig. 5(b)) coverage
regime. The primary point was to determine the onset of transistor
behavior through the formation of the ﬁrst paths of percolation of
current between the source and drain electrodes (Fig. 5(a)), as well
as the maximum attainable mobility and the curve shape of the
mobility evolution (Fig. 5(b)).
The Volmer-Weber growth mode of epindolidione resulted in a
ﬁrst percolation of current at coverages of approximately 90–95%
of one full standing ML (1.26 nm) on untreated SiO2, PVCi, andPNDPE. This represents a signiﬁcant delay compared to the 75% of a
full ML required for charge transport in the quasi Stranski-
Krastanov growth of pentacene [16]. The percolation behavior
could be modiﬁed by tuning the diffusion-governed island growth,
for example by increasing the substrate temperature or by surface
sputter cleaning. In Fig. 6, AFM images of 0.8 nm thick epindo-
lidione layers (65% of one full ML) deposited onto SiO2 at different
sample surface temperatures, are shown.
A clear correlation between the SiO2 surface temperature
during deposition and number and height of islands was observed.
Compared to low and room temperature deposition, higher
temperatures increased the surface diffusion probability for the
impinging molecules and enabled them to overcome Ehrlich-
Schwoebel barriers for up-hopping with greater ease [51–53]. In
agreement with our previous work [16], sputter treatment caused
a similar effect of increasing diffusion probability for the adsorbing
molecules through the removal of diffusion-inhibiting surface
contaminants. The ensuing formation of a lower number of higher
islands delayed the percolation threshold for drain  source
current, which is directly related to the ongoing connection of
islands between the contacts, to over 2.5 ML (3 nm) for the
sputtered sample and 3 ML (4 nm) for the 350 K sample (Fig. 5(a)).
For the epindolidione system, the increased diffusion inherently
leads to the formation of larger crystallites with improved
molecular ordering in the channel area (Fig. 6), which reduces
the total number of grain boundaries and, therefore, the number of
necessary grain boundary transitions in the current ﬂow between
source and drain. Accordingly, the highest attainable mobilities in
the high coverage regime were observed for the sputtered SiO2, as
well as for the 350 K sample temperature deposition (Fig. 5(b)).
Sputtering also yielded a highly reproducible surface conﬁgura-
tion, which was not attainable to the same extent on the other
surfaces. Sputtered SiO2 samples averaged the highest maximum
saturation mobility of around 2.5 103 cm2/Vs, closely followed
by the average of 1.7  103 cm2/Vs on 350 K samples. PVCi and
PNDPE surfaces led to mobilities at high coverage comparable to
untreated SiO2 and maximum mobility values of 1.5–3.5 104
cm2/Vs, with the added beneﬁts of a more quadratic current to
voltage behavior and lower threshold voltages (Fig. 4). The
mobility remains below the values of up to 1.5 cm2/Vs reported
by Głowacki et al. [10–12] and the 0.04 cm2/Vs by Yang et al. [14].
This discrepancy in maximum mobility of an order of magnitude
and more is explainable by the inferior charge carrier injection and
Fig. 6. AFM images of 0.8 nm thick epindolidione layers (65% of a full monolayer) deposited onto SiO2 at sample surface temperatures of (a) 200 K, (b) 300 K, (c) 350 K and (d)
375 K. The corresponding cross sections are indicated in the AFM images by a line and shown underneath.
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tries and the advantageous non-polar and/or aliphatic dielectrics
employed in these contributions [7,17]. A similar ratio of previously
reported top-contact (1 cm2/Vs) to then measured bottom-
contact mobilities (0.1 cm2/Vs) had been found in our studies
on pentacene [15,16]. Nonetheless, the gold bottom-contact setup
enabled investigations on the otherwise inaccessible in situ
evolution of charge carrier mobility as a function of coverage.
This allowed us to gain information on the effective Debye lengthin the ﬁlms and the number of fully closed and charge contributing
layers [34,35,38].
In contrast to our earlier investigations of pentacene [16], no
signiﬁcant transistor operation could be achieved for low
temperature deposition with a 200 K sample temperature and
for deposition onto SiO2 covered with carbon from an epindoli-
dione desorption step. The low temperature layer displayed an
irreversible phase transition, which was therefore not observed by
ex situ room temperature AFM and XRD measurements, to a
Fig. 7. AFM images of (a, b) 2.5 monolayers and (c) 1.3 monolayers of epindolidione deposited onto the gold contact  channel transition region at 300 K for the gate dielectrics
(a, b) SiO2 and (c) PNDPE. The corresponding cross sections are indicated in the AFM images by a line and shown underneath.
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280 K, as will be discussed in the section on temperature-
dependent mobility and threshold voltage. For the carbon-covered
surface, no apparent differences in layer growth could be discerned
by AFM (Fig. 3) and XRD investigations. We believe that, due to the
decomposition of epindolidione on the gold contacts during the
deposition process, the work function of the gold surface is
changed to such an extent, that the injection barrier becomes too
high for a reasonable charge injection into the semiconductor.
On the other hand, no indication of the diffusion-promoted
dewetting effects present for pentacene devices at the gold
contact  channel transition region was found [16]. Fig. 7 depicts
AFM images of this region for epindolidione coverages of 2.5 ML on
SiO2 and 1.3 ML on PNDPE. The uniform coverage in the transition
region is representative for all of the investigated gate dielectrics
and sample surface temperatures during epindolidione deposition.
None of the epindolidione measurements displayed the
pronounced double saturation behavior of mobility as a function
of coverage, which is characteristic for strong dewetting effects, as
observed for pentacene deposition at higher sample temperatures
and on sputtered samples [16]. Traceable to the Volmer-Weber
growth of a comparably low density of multilayer islands, the delay
in the saturation of mobility with coverage for the sputter treated
and heated samples could in this case be attributed to the
continuous closing of layers within the Debye length in the whole
channel region. As a result, the sputtered and the 350 K samples
showed an apparent increase in mobility up to coverages of over
30 ML (40 nm), (Fig. 5(b)). The difﬁculties that arise with the ﬁlling
of deep trenches between islands are well documented in the
literature [54].
For the untreated SiO2 and the PVCi, as well as PNDPE-capped
samples, a more even layer growth and an earlier saturation of the
coverage-dependent mobility, starting at approximately 5–6 full
closed monolayers, was observed. This can in turn be assumed to
be the upper limit for the Debye length in the investigated
epindolidione transistor system.
When compared to the signiﬁcant temperature-related changes
observed for pentacene growth [16], epindolidione features a
rather stable growth mode of a large number of relatively smallcrystallites on all substrates. Fig. 8 shows AFM images of 5 ML of
epindolidione grown at SiO2 sample temperatures during deposi-
tion of 300 K (a) and 350 K (b). Although the topography images do
not show signiﬁcant differences, the cross sections clearly display
the higher corrugation of the ﬁlms prepared at 350 K. The variation
of the substrate material or surface sputter treatment also showed
only very subtle changes in the topography of the ﬁlms. On the
other hand, the electrical measurements reveal signiﬁcant differ-
ences in the absolute values of the mobilities and their coverage
dependence. Apparently, even the subtle changes of the ﬁlm
morphology and molecular arrangement in the islands, which
cannot be observed via AFM, can crucially affect charge transport
properties.
Finally, we want to comment on the noticeable decrease in
charge carrier mobility with increasing coverage exceeding the
ﬁrst saturation for the PNDPE-capped dielectric and, to a lesser
extent, the untreated SiO2 and PVCi-capped dielectric. This is in
fact not a coverage-dependent effect, but rather a time-related
property. Coverage-dependent mobility measurements on PNDPE
samples, where the deposition had been halted as soon as mobility
saturation was reached (5–6 ML), have shown an asymptotic
decrease and subsequent stabilisation in mobility within three
hours of waiting time at about 10% of the originally observed
maximum value. We attribute this behavior to a time-dependent
transition from a thin-ﬁlm phase, where the molecules are
standing upright and consequently exhibit optimum intermolecu-
lar coupling, into a bulk phase, where the molecules are slightly
tilted. Even such a slight tilting of the molecules away from the
upright standing position in relation to the dielectric surface can
signiﬁcantly alter the p–p stacking between neighbouring
molecules and therefore affect the charge transporting properties,
as observed for pentacene [55,56]. In our opinion, the differing
prevalence of this effect for the various dielectrics and surface
treatments investigated stems from a layer stabilisation through
surface interactions with the dielectric. This would explain the
present case, where the least polar and lowest surface energy
dielectric (PNDPE) showed the strongest change over time, while
the highly reactive sputtered SiO2 surface fully stabilized the
epindolidione layer, with the untreated SiO2 and PVCi-capped
Fig. 8. AFM images of 5 monolayers of epindolidione grown on SiO2 at a sample surface temperature during deposition of (a) 300 K and (b) 350 K. The corresponding cross
sections are indicated in the AFM images by a line and shown underneath.
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ments featuring a sample temperature during epindolidione
deposition of 350 K a better ordered and more stable layer
formation can be assumed to take place, yielding results that are
comparable to those on the sputtered SiO2 surface.
3.2.2. Coverage-dependent threshold voltage
The threshold voltage, UTh, has been extracted from linear
extrapolations in IDS1/2 vs. UGS plots (Fig. 4), according to the
formalism described by Street [32]. In order to average out
hysteresis effects, a linear ﬁt was performed between the highest
current point and the gate-source voltage where the current dropsFig. 9. Threshold voltage, UTh, as a function of coverage for epindolidione ﬁlms in
bottom-gate bottom-contact conﬁgurations on different dielectrics. All samples
were prepared and measured at 300 K if not stated otherwise.to two thirds of the maximum value. For each gate-source voltage
in this range, the mean value of the current between the forward
and backward measurement was considered for the linear
extrapolation. Fig. 9 shows the threshold voltage as a function
of epindolidione layer thickness for a set of surface dielectric
conﬁgurations. Generally, the coverage dependence of the
threshold voltage is governed by trap states in the layer and at
the dielectric interface. The ﬁlling of deep hole trap states at the
dielectric  semiconductor interface is responsible for the most
negative UTh values to be found in the very low coverage regime,
where a higher negative gate voltage is necessary in order to
produce a sufﬁcient number of mobile charge carriers. The initial
fast rise of the threshold voltage with coverage is in turn attributed
to deep electron traps in the bulk and/or at grain boundaries. These
coverage-related electron trap states counteract the deep hole
traps at the gate dielectric interface. At higher coverage, when the
mean thickness of the ﬁlm exceeded the Debye length, the
inﬂuence of these trap states leveled off [36]. This leveling process
is a material property of the organic semiconductor and its grain
boundaries and is largely independent of the gate dielectric
material or surface temperature during deposition (see Fig. 9).
The differences in the absolute values of UTh for the investigated
dielectrics and surface conﬁgurations are explainable by dielectric
surface induced effects. The high polarity of the SiO2 surface,
especially compared to the PVCi and PNDPE-capped dielectrics,
leads to a negative shift in the threshold voltage. While the
comparably high number of trap states on the untreated SiO2
surface was further enhanced by the sputtering process, entailing
the large hysteresis observed in Fig. 4, the implanted Ar+-ions also
acted as a screening potential for the gate and caused an additional
uniform shift to more negative UTh values. For the 350 K samples,
an improved molecular ordering and the formation of larger
crystallites entailed a lower number of grain boundaries and
therefore grain boundary-related trap states, leading to a scenario
Fig. 10. Temperature dependence of the saturation mobility for 62 nm thick
epindolidione layers deposited onto untreated SiO2 at 200 K (light and dark green)
and 300 K (blue and cyan), and on sputtered SiO2 at 300 K (red and pink). The order
of heating and cooling steps is indicated by the numbers and arrows. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
Fig. 11. Temperature dependence of the threshold voltage for 62 nm thick
epindolidione layers deposited onto untreated SiO2 at 200 K (light and dark green)
and 300 K (blue and cyan) and sputtered SiO2 at 300 K (red and pink). The order of
heating and cooling steps is indicated by the numbers and arrows. (For
interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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capping layers. The decrease of UTh above a certain coverage for the
PNDPE-capped sample could again be traced back to a restructur-
ing effect, as described above.
3.3. Temperature-dependent charge carrier mobility and threshold
voltage
In order to gain deeper insight into the charge transport
properties and mechanisms of epindolidione we utilized the
precise temperature control capabilities offered by the experi-
mental setup. This allowed the saturation mobility and threshold
voltage to be monitored as a function of device temperature in the
range of 120–400 K. Fig. 10 plots the logarithm of the charge carrier
mobility, m, against the inverse temperature, 1/T, for epindolidione
layers with a thickness of 62 nm. The layers were deposited at a
sample temperature of 200 K and 300 K for untreated SiO2 and at
300 K for the sputtered SiO2 surface. The order of heating and
cooling steps is indicated by numbers and arrows next to the
graphs.
Both room temperature layers were fully stable in their
morphology and yielded reversible mobility values for cooling
and subsequent heating between 120 K and 350 K. At temperatures
lower than 180 K, the formalism for mobility analysis was only
applicable for the sputtered sample, since the temperature-
dependent source  drain current for the untreated SiO2 sample
dropped to values too low to guarantee meaningful parameter
extraction. The 200 K layer showed no measurable charge
transport until it was heated to 280 K. The data in Fig. 10 suggests
an ongoing, irreversible change in layer morphology and/or
structure taking place between 280 K and 350 K. Subsequent
cooling and heating cycles yielded linear and reversible mobility
behavior as a function of temperature, comparable to results of the
room temperature samples. Interestingly, and contrary to the
results obtained for pentacene [15], the mobility slightly decreased
with temperature above 320 K. We attribute this to an ongoing rise
in phonon scattering events with sample temperature for themoving charge carriers in the epindolidione crystallites. This
behavior has been reported previously for highly ordered organic
crystals with band like charge transport [57], most notably for the
epindolidione-related quinacridone [28].
The thermal activation energy, EA, for the charge transport can
be derived from the ln m vs. 1/T plot by a linear least-squares ﬁt of
the shown Arrhenius type behavior. A detailed explanation of the
theory and the evaluation methods involved can be found in the
literature [6,58] and in our previous work [15]. EA combines a
number of temperature-related effects, namely the promotion of
charge carriers trapped in localized states into the delocalized
band for conduction according to the multiple trapping and
thermal release model (MTR) [6], the thermionic hopping of charge
carriers between the individual epindolidione grains [59], as well
as charge injection and contact-resistance-related effects at the
semiconductor  contact metal interface. Due to the comparably
low mobilities, contact resistance effects should play only a minor
role as the transport is dominated by the properties of the organic
ﬁlm in the channel.
According to m / exp(EA/kBT), the activation energy, EA, can be
calculated as 110  10 meV for the ﬁlm on the sputtered SiO2
sample, 140  10 meV for the ﬁlm grown on untreated SiO2 at
300 K, and 160  10 meV for the ﬁlm grown at 200 K. In agreement
with the lower recorded mobilities, these values are larger than the
thermal activation energies obtained for pentacene
(EA 100  10 meV) [15] and compare to the values of
EA 130 meV reported for quinacridone [28], which featured
similar mobility values of around 1.5 103 cm2/Vs, albeit in a top-
contact conﬁguration.
Additional information on the charge transport in epindoli-
dione can be obtained from the temperature-dependent threshold
voltage. In Fig. 11, the threshold voltages corresponding to the
mobility values in Fig. 10 are plotted against the device
temperature. For the untreated SiO2 sample surface, similar
tendencies as for the mobility were observed. Starting at a
temperature of 280 K, a meaningful threshold voltage could be
extracted for the layers deposited at 200 K, which then also showed
the irreversible morphological and/or structural change up to
350 K. Further heating and cooling for both the untreated SiO2
samples, prepared at 200 K and 300 K, then showed full
reversibility when it comes to the temperature dependent
R. Lassnig et al. / Synthetic Metals 218 (2016) 64–74 73mobility, which also followed the same slope. The higher negative
UTh values with decreasing temperature are explainable by the
mobility edge model [15,60], where the temperature inﬂuences the
density of occupied hole states that extend into the bandgap
through the shape of the involved Fermi-Dirac distribution. With
increasing negative gate voltage, the Fermi level is moved closer
towards the hole conduction band and more and more deep trap
states are ﬁlled, until, at the threshold voltage, mobile shallow trap
states and states in the delocalized band are accessed and a current
can ﬂow. A higher temperature entails a broader Fermi-Dirac
distribution and therefore requires a less negative gate voltage in
order to ﬁll the deep trap states and enable conduction.
The results for the sputtered sample surface were very different
in nature, since the threshold voltage was nearly constant between
120 K and 300 K and even decreased slightly at higher temper-
atures. The addition of the Ar+-ions seems to effectively pin the
threshold voltage to very negative values. Currently we have no
explanation for this behavior.
4. Summary and conclusions
The device characteristics of bottom-gate, bottom-contact
epindolidione OTFTs were studied in situ under controlled UHV
conditions as a function of layer thickness and sample tempera-
ture, for various gate dielectrics. Ex situ AFM was used in order to
complement the in situ methods with information on layer
formation and surface morphology. The investigated gate dielectric
conﬁgurations included SiO2, in its untreated and sputtered forms,
as well as the spin-coated organic capping layers PVCi and the
polynorbornene PNDPE, each displaying signiﬁcantly different
charge transport properties. A predominant Volmer-Weber island
growth mode was found to be responsible for the comparably late
onset of transistor behavior as a function of epindolidione
coverage, with a required nominal coverage of 90–95% of a
monolayer composed of standing molecules. The percolation
behavior could be tuned by surface sputtering and increased
sample temperatures during deposition, augmenting the surface
diffusion of adsorbing epindolidione molecules and therefore
facilitating the formation of a lower number of higher, better-
ordered islands. In turn, this led to the highest, bottom-contact
conﬁguration, mobilities of approximately 2.5 103 cm2/Vs for
high coverages on sputtered and 350 K samples. The PVCi and
PNDPE-capped SiO2 layers showed excellent quadratic current to
gate voltage behavior, but lower maximum mobilities of about 1.5–
3.5 104 cm2/Vs. No transistor operation could be achieved for
deposition at 200 K sample temperature and for layers deposited
on carbon residue covered SiO2, produced after an epindolidione
adsorption/desorption cycle.
The saturation behavior of the mobility and threshold voltage
with increasing coverage could be traced to the ongoing closing of
layers in the channel area. An upper limit of 5–6 ML for the Debye
length was extracted. Additionally, time-related mobility degra-
dation effects were observed for devices with organic dielectric
capping layers, attributed to a transition from upright standing
molecules at low coverage (thin-ﬁlm phase) to slightly tilted
molecules at higher coverage (bulk phase), which negatively
inﬂuences the p–p overlap of neighbouring molecules. Finally,
temperature-dependent charge carrier mobility and threshold
voltage evaluations were performed for devices with 62 nm thick
epindolidione layers. Following an irreversible phase change at
approximately 280 K for the device prepared at 200 K, all devices
showed a linear and reversible relationship between the logarithm
of the mobility and the inverse temperature between 120 K and
300 K. From this relationship activation barriers for the promotion
of trapped charges into the conduction band could be deduced,
ranging from EA = 110 meV for the device prepared at 300 K with asputtered SiO2 dielectric to EA = 160 meV for the device prepared at
200 K with an untreated SiO2 dielectric.
In addition to the electrical characterization of epindolidione
ﬁlms, the thermal stability and adsorption/desorption kinetics of
epindolidione were studied by thermal desorption spectroscopy.
TDS revealed island growth behavior even at the lowest coverages,
without any indication of a subjacent wetting layer. The desorption
energy was calculated to be 1.83  0.05 eV and the frequency factor
for desorption was determined to be 1 10211 s1. The sticking
coefﬁcient for epindolidione on SiO2 was found to be coverage-
independent.
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